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COASTAL ZONE PROCESSES AND THEIR
INFLUENCE ON ESTUARIAN CONDiTIONS

Introduction

A discussion of the estuarian and coastal zone 1is not‘éomplete unless
the oceanic processes along the coast are alsc considered. On the basis of
several premises, one can describe flushing rates or calculate the net
c;rculation using salt and water budget equations in estuarieé; HBowever,
eétimates of this type are based on average conditions and thus are ingen-

vsitive to the role>that coastal waters may play in estuarian ciréulation,

especially vhen short lived densiﬁy—driven displacemenﬁ enters into the

| problen.

One can readily calculate the volume transport in along the bottom of .
the Straits of Juan de Fuca and the volume transport out at the surface that

are required to maintain the salt and water balance of the Straits of Georgia,

Puget Sound estuarine systems. These tramnsports camn be showa to very

seasonally because of the changing freshwater discﬁérge and the changing
saiinity of the incoming ocean water and outgoing surface vater. The ability.
of the incoming water to fluéh the deep basins btehind ﬁhe shalloy'ent:ance |
8ills is not just a function of its supply and salt content, but also a function

of its temperature, which combines with the salinity to control its density.

- Only when the incoming water at depth is supplied in sufficient quantity and

density can it displace the deep basin water behind isolating sills in the

‘. estuarian environment. Thus, flushing of the deeper estuaries is not necessar-

ily a continuous process, but can be periodic and is related to oceanic

processes that combine to place a dense water in position where it can flow

_ inward to the estuarian system. In the Strait of Juan de Fuca case, the

¥ _dénsé water must be raised sufficiently in the water column to clear the

180-n engianee sill of the Strait. o @@@SE,@E“ Z@?@E
B - ‘EE@EEMMEF@N @E?@FE@
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ln other'sballow coastal embayments such oerillapa Bay and Gray's

. Harbor. .here are no deep basins isolated by shallow entrance sills. Thus,

flushing is more of a continuous process. Bowever, even here the. changing

characteristics of the ocean water presented to the bay entrance become

C important. The sudden appearance of a demse oceanic water at levels

shallow enough to enter the channels leading to these embayments can cause
a gravity flow into the bay that will bodily displace the water within

the bay at a rate that is greatet than that calculated from budget consider-
ations. This type'of flusning, unrelated to that required for salt and
water balance nr tidal exchange, can be regarded as both good and bad. It

"can be good if one considers that it is a mechanism for rapidly reroving :

vaste materials from a semi-isolated embayment or bad if the flushing leads =~ 7

to the displacement of water that contains the planktonic erage of some
desir°d benthic organism such as oyster larvae. _

The properties of the displacing water that make it dense,vnamely, high
salinity and low temperature, may also create additional problems for biopop~
ulations in an embayment. The biopopulations adapted tc a warmer, less saline
water may suffer considerably when a sudden flushing exposes them to a lower
temperature-higher salinity water. =

The properties of the oceanic water and therprocesses that act to

__present a variable type of oceanic water to the estuaries are part of near-

‘ coast .ocean environment.- Thus, for a full understauding of estuarian problems,

we must alse understaud the coastal regime.
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. The Coastal Regime of Washington and Oregon

- The coastal region of -Washington and Oregon is located at about the

| same latitude as the center of the North Pacific West Wind Drift, :he broad

- expanse of weatward-moving‘water that is the northern side of the. large

North Pacific clockwise curremt gyre. This current often mistakenly referred
’to‘as tﬁe Japanese Current, divides as itvapproaches the coast, gending one
ibranch northward to feed the Guli of Alaska g§re and another branca south-
ward to form a flow called the Cilifornia Current. This latter flow, though
not éwift. is subtential and enduring enough to carry water of the type Eéund
ia the north central Pacific Ocean as far south as the tip of Baja, Califormia.

The diyision of tﬁe West Wind Drift current ;nto its two branches
occurs about 11 x 102km, 600 n mi. off our coast. Thus, our .mmediate
coastal region appears té be weil removed from the direct influence of thiﬁ
major oceanic surface cnrfent. Indeed, our coastal region exteﬁding'out to
about 5 x.lozkm is characterized by weak and variable flows. - Dynamic

topographies that »icl: the mean ocean surface current relative to the 1000

" decibar level in the seme way atmospheric pressure charts are used to deter-

mine the wind figld szov that surface currents are variable at about 5 cm/sec-l
off shore, abouc 1/10 of a knot, and About twice that, closer to shore.

The léw value of flow impd;ed by the oceanic scale currents in our
coastal region alloﬁs the local processes for generating cﬁrr?nts to become

very important. Studies conducted in the coastal regions of Washington and

Oregon point out that the local wind influence is instrumental in control-

ing the water circulation and that the seasonal.cyclg in the prevailing wind

'.syétem produces a seasonal cycle in the coastwise flow and the properties of
the seawater found'near_shdre. A reversal in the nearshore surface current

”duting winter is evident.
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' Durihg the summer months, the North Pacific high pres;ute cell enl#rée#
.and migrates to a position vhere it, combined with the‘Canaiian Contingntal
low éell pressure, produces predominately northeriy winds of 1ightvmagnitude.
During the winter the cdudensing ofvthe North Pacific high and the ﬁevelop—
ment of the Aleutian low cell caﬁse south winds of stronger ﬁagnitude to
predominate along theicoast; This cyclic reversal in the local wind field
is what causes the réversal in the alongshore flow of thé surféce wéter.
It also causes a reversal in the onshore and offshore component of the sutféce
flow. During the winter, water from offshore is moved toward the coast and

held locked in against the beach where it is mixed with fresh water issuing

. from the rivers and land drainage; and then it migrates northward. In the

summer the surface water and river effluent are moved seaward from the ccast
and to the southﬁest. This onshore-offshore flow locally sppplies seawater
to the cnast in tbe winter.to cause downwelling and removes the surface seawater
during th% summer necessitacing upwelling of deeﬁer water to maintain
continuity. |
The movemen% of coastal water in response to the wind approximatés

’ that déscribed in Ekm#n wind drift theory. That is, the surface vﬁter moves
at an angle of about 45° to the tight of the wind stress vector while the
transport of watcr as integrated over the vertical colummn set 1h motion 5y
the wind is about 90° to the right.of the wind. The transport and surface

current as determined from Ekman theory closely agree with that observed.

~ Studies of the distribution of the Columbia River effluent under AEC support

" have shown that occasionally discrete cells of low salinity water are formed

pearlthe river mouth and migrate seaward as an identifiable mass of water.

-Their displacement-over time nearly matches that predicted by Ekman drift in

. both speed'and direction.
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The seasonal variation in the local svrface currents greatly affects
the type of water found adjacent to the coast where it exchanges with the estu-
aries, In the suumer the offshor: wind-induced transport causes coastal up-
welling., Along the coast, this proc2ss brings water from depth up to the
surface which has low temperatures and high salinities. This upwelled water
in response to the removal of surface water seaward forms a barrier of denge
vater that isolates the effluent from the Columbia River from direct contact
with the coast. At this time of year the Columbiz River becomes the major
source of dilution for the region as freshwateé contribution from smaller
coastal rivers is at a minimum, The surface salinity patterns clearly
reflect upwelling during summer and the importance of the Columbia River
as a singular diluting scurce.
In the winter the northward and onshore.set of ;he surface flow
under the‘driving wind stress produces another distribution of properties.
The prevailing wind pattern at this time of year is closely coupled with an
appreciable increase in coastal precipitation. This increases the fresh-
water discharge of all ccastal rivers 7nto the nearshore environment and
makes the Columbia River less evident as a single source of dilution. Ope

therefore sees a dilute band of seawater held in against the coast and

* tending northward. The surface salinity distributions during winter are indica-

tive of the flow.

The surface winds are usually stronger in winter than in summer.
Thus, even though the local currents tend to reverse seascnally, the north=~
ward flow in wiater is greater than the southward flow in suamer. This uids~
in producing a net trend of coastq; water to the north over the annual cycle.
Another process also acts to promote a nor:hward-tending flow especially

at depth. The presence of the Strait of Juan de Fuca with its attached

estuarian systems makes certain demands on the water at the coast. The
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wvater and salt‘budget equations show that am influx of bottom water into
the Straits of Georgié, Puget Sound System is on the avérage about 13 x
104m3sec }; with & range from 6 x 104m3sec in winter to 26 x 104m3sec -1
in supmer. . This is no swall flow rate. At its mean vélue, it is more than
18 times the average annual discharge of the Columbia River. The outflow at
the surface is equal to the 1n£16w at depth plus the freshwater contribution.
This influx at depth into the Straits and discharge at the surface acts to

. pull ocean water at depth alcag the coast toward the entrance enhancing a
northward flow along the coast of Washington at'all seasons. The kind of
water at depth to flow toward the Strait of Juan de Fuca is evident in

the migration patterné of seabed drifters that have been released along

the coast and picked up on the beaches or at sea by bottom trawlers.

The Seasonal Change in Water Properties at the Coast.

We should now consider the change in céastal wvater type that 1is

' associated with the seasonal wind reversal. To do this we will consider

the characteristics of the water in che Strait of Juan de Fuca. In midwinter,
February, data from i section across the Strait at Pillar Point show that

at 50-m depth, water of 31.5 to 32 °/oo_salinity increasing to 33.7 /o0 #t
180;m depth; and isothermal at 8°C is available as the incoming water to be
mixed with outflowing water by tidal act.ion on the sills. This water has

a density range of about 24,94 to 26.27 in £ gma-t units. In the summer the

water occupying the same position has & salinity of 32°/00 at 50 m increasing :

) to about 33.9 /11 at deptn and a temperature structure that varies from

, 8°C at 50 m down to about 6.3°C at depth, This water has a density range of

about 24.94 to 26.67. Clearly the densest water available for transport into

the Straits at depth to be mixed with the outflowing sutfacevéater_is found

. "f' )
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duting’the summey, Of equal importance is ;he higher salinity of the neai N
surfaqé water with which the deep water mixes during-thé late sﬁmﬁef} This
higher sutface.salinity is, ofvﬁourse, a result of the reduced fraéhwater
aischargé at this time of year and the desp water from the basiné that is
being displaced by the incoming dense water. |
Thus, the densest water available at the sills in Puget Souna to

displace the water at depth in the deep basins behind the sills is formed

during late summer; In a season when coastal upwelling is particulafly

fntense and widespread, and precipitation is low, a greater quantity of
denser water can be formed to act as a flushing agent. If precipitation
is high dufing a gsummer and coastal winds do not promote strong upwelling,
there is a chance that an insufficient quantitj of the dense water will be
produced to thoroughly flush the deep isolated basins of a system suchk as
Puget Sound. |

The small shallow harbors having direct\cqntact with the ocean along
the Washington and Oregon coast are not as dependent on the quantity énd |
density of the intruding seawater as Puget Sound is. These embaymepts<do

not have deep bésins behind isolating sills that act as'cstch basins for

- dense water. The ratio of tidal prism volume to volume of water at MLW

stand 1s large indicating that a considerable portion of the volume of the
embayment at MSL is removed and added each tide cycle. Their extensgive -
shallows and expcsure to coastal winds, as well as the turbulence generated

1n_the tidal stream at their entrances, combine to aid 1in vertical mixing and

- ‘promoting exchange between the tidal prism and the residual water left at each
low tide. The dilution of these shallow harbors ~y their rivers pfodhces

strong vertical demsity structure near the rivers that retards vertical mixing.




The seasonal change in the coastal wéter»present off the mouths of

~these harbors and bays, hawc#er, does have an effect on the water properties

: within ‘the embayments. In the wintertime coastalﬂprecipitation 1ncreases

the. flew of the rivers into these harbors to decrease their salt content and

cause strong density stratification near their heads. "In the case of Willapa

_ Bay end Gray's Harbor, the effluent from the Columbia is directed rorthward
' 'along the coast to occupy a position off their mouths. Thus, in winter, fresh

- water is available to the harbors fiom both the landward and seaward side.

In the summer the river discharge into the heads cf theee two harbors is

- reduced, and a high salinity-low temperature upwelled water is present off

Vtheir mouths. This means that seasonally a fairly large fluctuation in

’ aalinity can occur vhile the temperature is buffered.

In the winter,water temperatures are controlled by local. climatic
cbnditions and by the temperature of freshwater sources. In the summer,

however, the increase in temperature due tc solar heating of the bay is

- somewhat offset by the introduction of the low temperature upwelled coastal

~ water. Inspection of the data available in Willapa. Bay and Gray's Harbor

at midbay position shows that considerable scatter in sprfece and salinity

, valees'is found at the surface. These data, however, have been collected

at'all t;dal stages and reflect a trend of elevated remperaturee and lowered

salinities'during ebb stages and lowered temperatures and elevated salinities

‘during flood periods in the summer. In the winter the ebb produces lowered

tempetetures’and.salinities, wﬁile the floodstage elcvates both temperature

" and salinity. In the sumnmer an occasional data point will show a very low

temperature and high salinity, 1ndicatingvthe presence of upwelled oceanic

‘:water'et'the mid-channel observation point.
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Temperatur¢ and salinity data uncorrected for tidal stage in Willapa
Channel (Bendiksen) can be used to comstruct a T-S envélope that shows the
season#l cﬁange in watevr characteristics. The limits of salinity and temper-
ature changes found in such an envelope may bc used to judge the fitness of
the wvater for sustaining a biopopulation. As an example, the adult Pacific
oyster (steria gigas has a known tolerance range to temperature and salinity.
The larval stage has a smaller tclerance range fcr survival. 7This oyster
also has a required temperature for spawning. These tolerznce limits also
can be drawm on a T-S diagram and superimposed on the seasonzl T-S envelope
for a harbor,

It 18 easy to understaad from the comparison of these two envelopes
that the summer introduction of cold upwelled coastal water imto the harbor
acts to suppress the temperatures below that required by the cysters for
maintenance of the larval stage or reproduction at the mid-channel location.
Thus, 1nténsive coastal-upwelling at a critical period may destroy the larvae
or not aliow reproduction to cccur. During summer the témperatutes of the
shallow reaches remote from the mid-channel may or =a§ not ris; sufficientl&
to allow survival and spawning., Although I cite Willapa Bay here, similar
processes occur at the other harbors along both the Oregon and Washington
Coast. However, i: harbors other than Willapa Bay and Gray's Harbor, dilu-
tion occurs primarily from rivers entering the heads ci the estuarfes. There

is no single large river such as the Columbia to provide additional coastal

wintertime dilution at their mouths.

The estuary of the Columbia River interacts with the open sea quite )
differently from the embayment-type estuaries where inflow and outflow
are primarily tidal. 1In the Columbiz estuary ;he Jarge river flow linits

the intrusion of a saltwater wedge at depth keeping it short of fts fall lime. .
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Thé ndrﬁal intrusion bf the salt wedge is 11miced betveen;Tongue Point
; and the gea. o |
The Iatge vertical velocity shear between the seaward-moving river

water and the intruding saltwater uedge acts to maintain a sharp boundary
';between these two waters across which seawater 1is enttaiped upwards into
'thé more turbulent mixed surface effluent. ‘This ernsion of saltwater from
the wedge requires that the salt vedge be replenished.' fhﬂs, the inflow of
saltwater into the river channel on the flood exceeds that required to move t

jwedge upstream. Outside of the river mouth, the flow of effluent extend-

-+ ing to a depth of about 15 m also generates a velocity shear and entrainment

-of séltwate; from below that is used to incréasgvthe salinity and volume of
the effluent. Both within and without the estuary; the salt and water

entrainment promote a localized‘upwélling_of'deeperlﬁater immediately‘around

* the mouth of the river and seavard of the mouth under the issuing jet. This

upwelling is-highly localized and is dr;ven by progessés unrelated to those
affectihg thé'mora widespread wind-driven upwelling; The velocitybshear up-
wellingishould be 5troﬁgest at periods df high discharge-when entrainment in-
creases,i | | |

The foregoing discussion establishes in general terms the manner in

which the circulation and changes in the properéies of coastal water control

in part the physical processes in the bbrdeting estuaries. We now need to

consider some of the'othgr aspects of the interplay between the ocean and’

' The Nutrient and Gas Exchange Between Coastal. and Estuarine Water.

Not oniy are water, salt, and heat exchanged between the estuaries and

the coastal zone, but also all other dissolved substances carried in the water

.One class of substances of impdrtance’to the biological populations is nutrien
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another is the dissolved gasses. Other products such as pollutants, which
are also important, will be neglected here. The mostc important of.the dis-
-solved gasses is ox&gen. It is obvious that the displacement of the isolaf
deep basin water behind the sills in Puget Sound by the intruding dense wat
in late summer also proviaes a mechanism by which aeration at depth is accc
. plished. However, the oxygen concentrat}on of the intruding upwelled water
at fillar Point during the summer is low at 0.25 to 0.10 mg-at/L. Subseque
mixing'on the sills elevates this level to about 0.35 mg-at/L. The winter-
time oxygen concentrations of the intruding wateg.which has its source at
lesser depths in the éea are higher, ranging from 0.45 to 0.25 mg-at/L. In
late summer the intruding water, when mixed over the sills, has an oxygen
content of about 0.4 mg-at/L, This oxygen is then carried to depth in the

flushing process. If flushing of this deep water is not complete, then

" dnsufficient aeration and removal of accumulated organics and nutrieants oce

at depth;

| Within the estuaries, land drainage and sewage disposal contribute
a nutrient supply to the surface waters. As an example here, the Metro
System of Seattle alone contributes on the average 2,730 1bs/day of nitrate-
nitrégen, 8;260 1bs/day of ammonia-nitrogen, 5,200 lbs/day of total phasphol
an& 4,200 1bs/day of orthophosphate as pﬁosph&tus to Puget éound. An esti-
mate of the total nutrient supply to Puget Sound and other estuaries is not
available at this time. The coastal ocean water thaf_enters the estuaries
at depth also acts as a source of nutrients. _It'vas stéted earlier that the
summer transport of seawater into thé Straits of Juan de Fuca as estimated

43 3

from continuity was 26 x 10 m” sec . The inorganic phosphorus-phosphate

conteat of this water averages about 2.5 ug-at/L. This means that about

6.5 x 108 pg-at sec.l is delivered by advection to. the Strait from the sea.
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An outward transport of ‘nutrients in the surface layers is also occurring.

~ The harbors bordering the open coast also exchange dissolved gasses

and nutrients with the coastal water. The amount of exchange is sensitive to

the- type of coastal water lying at the harbor mouth. During winter the coastal

water is oceanic surface water mixed with the effluents of the local rivers.

This wvater is usually well aerated by the stronger winter winds and wave
action, Its low salinity, combined with wind mixing, tends to produce
moderately high dissolved oxygen levels (6.5-0.6 mg-at/L). Its nﬁtrient content -
is controlled in part by the typical concentratio;s found in the oceanic
surface water, 5.50 pg-at/L for nitrate and 1.0 ug-at/L for 1nofganic phos-
phate. The>r1ver.water present as the diluting agent may élso add 1its cqntti-
bution of nutrients 1f the river is a :zource of these materials, |
In the summer when upwelling of subsurface water prevails under the
lighter nertherly winds, Qxygen concentrations of the coastal water may drop
appreciably and nutrient levels increase. Oxygen concentrétions at depths
where access can be gained into the estuaries can be as low as 0.2 to 0.3

mg-at/L. A specific example may be cited here when in August of .1963

_sanples were taken along the coast between Gray's Harbor and Long Beach. 1In

15 m of water off Grayland, the samples taken indicated that the seawater
at 10 m depth had a temperature of‘8.22°C, a dissolvedkoxygén content of 0,236
ng-at/L, and a salinity of 33.2 ®/oo. The collecting of samples on thisv
occasién was prompted by a shellfish kill along the ocean beaches a short

time before. If mixing and aeration of upwelled coastal water in the entrance
zone to ﬁhe harbors of along the ocean beach are not sufficient, the bio-
.populations may be subject to both depressed témperatures and low‘oxygeﬁv

values. The nutrient values of the coastal upwelled water exchanging with the

estuaries are elevatgd during the summer because of its deeper source.
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| Coﬂccntration values of 25 pg-at/L for nitrate, a fivefold increase over winter

1‘“1evelé, are possible with a twofold increase of inorganic phosphate to 2 ug-at/L.

.Conceatrations may be diminished to lower levels by in situ biological

utilization near the sea surface if the upwelled water is fetained'in the

;;Lyhptic zone prior tovité exchange with the estuaries.

Cohclusion.

Estuarian and coastal zone processes are 1nterdependent. " The estuaries

demand‘water from the coastal zone for tidal processés and to maintain their

'Vaverage budgets of salt and water. The type of water present in the coastal

"zoﬁe';o meet these demands is governed by coastal and oceanic conditions, and

'in the case cited here, is closely related to éeésonal climatic changes. The

. presence of dense water at the estuary mouth increases the flushing potential

of the deeper well-isolated basins by gravity flows, whereas the presence of -

' less dense water does not. Mixing processes at the mouths of estuaries or '

across internal silis.within esﬁuaries that are dependsnt on tidal stream flow
combine the inflowing oceanic wétér 5£ depth with the outward%ﬂowing dilute
surfacé waﬁer in the eé:uary. Thus, the strength of the tidal currenta'and
'topograﬁhy, combined with the properties éf the surface water, also enter into’
the problem of flushing and exchange of water pgoperties. - It is a complex
1nteracuioﬁ dependent ﬁn'maﬁy variableé, Because of thié, each estuary oi

" embayment is uniqué unto itself and reacts to the whims of nature and man

calke. 0
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- Fig. d--Mean surface wind veotors by month, 1961-1963, -

FIGURE CAPTIONS

hg. Z-ourface Sahmty and direction of surface flow in the Nor-theast

. Pamfw Ocean.
| Pzg 2--Dynamic topography of the near coastal zone, gummer conditions.

. Pig. 3--Dynamic topography of the near coastal zone, winter conditions.

' Fzg 5--5‘1'équency of‘ northerly and southerly component winds by month.

- Ptg. ' 6—-Avei'age direction and magnitude of menthly Ekman transport, 2.96‘Z¢Z96“3.

Pig. ?7--Generalized distribution of Columbia River effluent as indicated by

~ surface salinities, summer condition.

Pig. 8—-General1.zed dwtmbutwn of Columbia River effluent as zndzcated by.

) eu.rface aalzmttes, mnter conaz.tzorw

o Fig. 9--ReLea8e pmrts and hypothetwal paths of seabed dmfters along the

- 'Washzngton coast.

Fig. Za--Tempem'ture and slainity ‘cycl_es_at P‘LZZdI‘ Point, Strait of Juan de
‘.. Puca, February 1353--March 1954, e e



Pig. ll--Surface salinitize and temperatures observed in Willapa Channel
(Bendikeen) 1954.

Pig. 12--Optimum salintiy and temperaturs ranges for O. gigas, the Pacific Oyster.

Pig. 13--A comparison of optimum salinity and temperature conditions for 0. gigas

and surface conditions chserved in Willapa Channel.
Fig. l4--Vertical salinity structure in the Colwmbia River estuary, August 1963.

Pig. 15--Dissolved Ozygen content, mg-at/L, in the Strait of Juan de Fuca, July
1953. |

Fig. 16--Dissolved Ozygen content, mg-at/L, in the Strait of Juan de Fuca,
February 1953.

Fig. 17--Dissolved inorganic phosphate content, wg-at/L, July 1953.
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